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MULTI-SENSOR INTRACRANIAL
PRESSURE MONITOR FOR CEREBRAL
HEMODYNAMIC MONITORING

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional

Application Ser. No. 62/806,414, filed Feb. 15, 2019, the
entirety of which 1s hereby incorporated herein by reference.

FIELD OF THE

DISCLOSURE

The present disclosure relates to insertable pressure moni-
tors and, more particularly, to multi-sensor intracranial pres-
sure monitors.

BACKGROUND

The background description provided herein 1s for the
purpose of generally presenting the context of the disclo-
sure. Work of the presently named inventors, to the extent it
1s described 1n this background section, as well as aspects of
the description that may not otherwise qualify as prior art at
the time of filing, are neither expressly nor impliedly admit-
ted as prior art against the present disclosure.

Traumatic brain injuries (1Bls) can result from many
different causes, such as, head trauma, aneurysms, brain
tumors, 1infection, hypoxia, and stroke. The eflects of TBI
can vary greatly, patient to patient. In general, however,
whatever the cause, medical stafl (typically emergency room
stall) look to treat TBIs as quickly and as effectively as
possible. Of particular importance 1s that TBIs are often
tollowed by secondary 1schemic damage to the brain that
results from decreased blood flow due to high intracranial
pressure (ICP). Current methods of monitoring ICP and
blood flow within the brain rely on intermittent imaging. But
these 1maging techniques lack the sensitivity and dynamic
readouts that allow physicians to make appropriate and rapid
treatment decisions when time 1s the most critical factor for
improving prognosis. There 1s, as a result, a substantial
unmet medical need for continuous monitoring of ICP and
blood tlow, and to do so using technologies that can be easily
adapted and used in the emergency room clinical setting.

SUMMARY OF THE INVENTION

The present techniques include devices and techniques for
continuously monitoring pressure and simultaneously moni-
toring changes in blood flow, vascular resistance, and/or
vascular behavior. These techniques may be employed in
measuring intracramal pressure (ICP), for example, while
simultaneously measuring cerebral blood flow and/or cere-
brovascular resistance or behavior. The continuous moni-
toring techniques herein can be used to provide precision
cerebrovascular management of traumatic brain injuries
(TBI) or similar conditions.

In exemplary embodiments, the present techniques are
implemented through a sensor device designed having an
optical and piezoelectric sensing assembly integrated into a
deployable ICP monitoring device. The result 1s a multiple
sensor pressure monitoring device capable of measuring and
tracking vascular resistance and behavior while simultane-
ously monitoring pressure. In some examples, this multiple
sensor pressure monitoring device includes a controller
configured to estimate local arterial radius changes as a
result of the arterial pressure information and correspond-
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2

ingly tracks blood flow and vascular reactivity. The addition
of blood flow and vascular reactivity data, with pressure
data, allows for more accurate, continuous tracking of the
conditions of a test region, thereby allowing clinicians to
better control treatment of an area of too high pressure. In
some exemplary embodiments, the tracking of blood flow
and vascular reactivity 1s performed on a heartbeat-by-
heartbeat basis to allow for highly accurate measurement
and quick responsiveness at critical moments of treatments.

In exemplary embodiments, a system 1s provided for
monitoring pressure, such as intracranial pressure along with
blood value, where the system 1s able to determine propor-
tional fluctuations 1n arterial volume versus pressure during
cach heartbeat and correlate those proportional fluctuations
with vascular resistance/behavior. In some embodiments,
heartbeat-by-heartbeat wavelorms from piezoelectric sen-
sors measuring pressure and optical sensors measuring for
blood volume are collected and compared to develop a time
dependent vascular resistance. From the determination of
vascular resistance and pressure, blood flow can then be
determined thereby indicating to clinicians to continuous
changes to an area under nspection. These determinations
can therefore show, 1n real time, the effects of attempts to
alleviate ICP and/or enhance cerebral blood flow and cere-
bral autoregulation.

In accordance with an example, an insertable catheter
apparatus comprises: a pressure sensor at a distal end of the
catheter and configured to measure first pressure data of a
sample region within a subject; an optical sensor positioned
proximally from the pressure sensor and configured to
illuminate an optical sample region and to collect reflected
illumination from the optical sample region, the reflected
illumination corresponding to blood volume 1n the optical
sample region; a piezoelectric pressure sensor positioned
adjacent the optical sensor and covering a periphery of the
insertable catheter, the piezoelectric pressure sensor config-
ured to measure pressure data for the optical sample region;
and a processing device configured to receive the retlected
illumination data from the optical sensor, receive the pres-
sure data from the piezoelectric pressure sensor, and analyze
the pressure data and reflected 1llumination data, heartbeat-
by-heartbeat, and determine (1) vascular resistance over the
optical sample region, (11) a blood tlow over optical sample
region, and (111) pressure over the optical sample region.

In accordance with another example, an msertable cath-
cter apparatus comprises: a pressure sensor at a distal end of
the catheter and configured to measure first pressure data of
a sample region within a subject; an optical sensor posi-
tioned proximally from the pressure sensor and configured
to 1lluminate an optical sample region and to collect
reflected 1llumination from the optical sample region and to
determine a diflerential absorption spectroscopy or to collect
scattered 1llumination from the optical sample region and
determine a resonance Raman spectroscopy, the reflected
illumination or scattered illumination corresponding to tis-
sue oxygenation and/or mitochondrial function 1n the optical
sample region; a piezoelectric pressure sensor positioned
adjacent the optical sensor and covering a periphery of the
insertable catheter, the piezoelectric pressure sensor config-
ured to measure pressure data for the optical sample region;
and a processing device configured to receirve reflected
illumination data or scattered illumination data from the
optical sensor, receive the pressure data from the piezoelec-
tric pressure sensor, and analyze the pressure data and
reflected i1llumination data or scattered illumination data,
heartbeat-by-heartbeat, and determine (1) tissue oxygenation
and mitochondrial function over the optical sample region,
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(11) a blood flow over optical sample region, and/or (111)
pressure over the optical sample region.

BRIEF DESCRIPTION OF TH.

L1

DRAWINGS

The figures described below depict various aspects of the
system and methods disclosed herein. It should be under-
stood that each figure depicts an embodiment of a particular
aspect of the disclosed system and methods, and that each of
the figures 1s mtended to accord with a possible embodiment
thereol. Further, wherever possible, the following descrip-
tion refers to the reference numerals 1mncluded 1n the follow-
ing figures, 1n which features depicted in multiple figures are
designated with consistent reference numerals.

FIG. 1 1s a schematic view of a multi-sensor pressure
monitoring system, 1n accordance with an example.

FIG. 2 illustrates an example multi-sensor, intracranial
pressure sensing catheter (a). FIG. 2 also illustrates a process
of using an 1ntracranial pressure sensing catheter (b), as may
be i1ssued 1n the system of FIG. 1, for high-bandwidth
measurement of beat-to-beat local pressure and blood vol-
ume fluctuation and for determiming autoregulatory behav-
10rs, vascular resistance, blood flow, and local trends in
cerebral blood flow, 1n accordance with an example.

FIG. 3 illustrates blood tlow shows agreement between
invasive measurement 1n the sub-clavicular artery and esti-
mates based on vascular resistance models, with deviation
primarily occurring when infusions start and, especially,
stop (arrows), attributed to local behavior mismatch with
larger regional effects. Estimated flow 1s 1n arbitrary units
and scaled to the mvasive measurement for comparison.

FI1G. 4 1s a schematic illustration of an example pressuring
sensing system having a probe device with multiple sensors
for pressure monitoring, and in particular, for intracranial
pressure momtoring for cerebral hemodynamic monitoring,
in accordance with an example.

FIG. 5 1s an 1llustration of a sensing end of the probe
device of FIG. 4 having an end pressure sensor, an optical
blood volume sensor, and a piezoelectric pressure sensor, in
accordance with an example.

FIGS. 6 A and 6B are perspective and end views of the
sensing end of the probe device of FIG. 6, in accordance
with an example.

FIG. 7 1llustrates a schematic of an example multi-sensor,
intracranial pressure sensing catheter, in accordance with an
example.

FIG. 8 illustrates a schematic arrangement of the multi-
sensor, intracranial pressure sensing catheter deployed in the
cranium for measurement, 1n accordance with an example.

FIG. 9 illustrates another example processing schematic
showing the generation of an inferred variation 1n blood tlow
rate, as determined from input pressure sensor voltage
wavelorms and mput volume sensor voltage wavelorms
from the multi-sensor, ICP catheter, in accordance with an
example.

FIG. 10 illustrates the sample pressure response data in
tissue phantom from an example application of the sche-
matic 1n FIG. 9, 1n accordance with an example.

FIG. 11 1s a schematic illustration of a piezoelectric
cardiovascular monitoring system, 1n accordance with an
example.

FIG. 12 1s a plot of sample trajectories for mean arterial
pressure (MAP) and inferred local vascular resistance (VR)
from a probe device 1n accordance with the present tech-
niques for assessing cerebral blood flow for swine under-
going three norepinephrine infusions followed by hemor-
rhage and resuscitation, 1n accordance with an example.
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FIGS. 13A-13C illustrate plots of cerebral blood flow
estimated from a probe device n accordance with the

teachings herein and compared to that obtained using a laser
Doppler tflowmeter and/or trans-cranial Doppler ultrasound,
with the right side of each showing Bland-Altman plots for
trans-cranial Doppler vs. PVDE/PPG flow measurements, in
accordance with an example.

DETAILED DESCRIPTION

The present techniques provide devices and methods for
measuring and monitoring pressure and blood tlow depen-
dent measurements at an internal inspection region of a
subject, such as within a blood vessel or within tissue, such
as brain tissue. Example devices include insertable sensor
devices, including for example insertable ICP devices,
designed with additional sensors of different types. For
example, 1n some exemplary devices, the present techniques
are 1mplemented 1 ICP devices with integrated optical
sensors and piezoelectric sensors. The optical sensors may
be configured to sensor blood related conditions in the
ispection region and the piezoelectric sensors may be
configured to sense arterial pressure or pressure over the
ispection region, whether overlapping with that of the
optical sensor or otherwise.

In exemplary embodiments, the present techniques
include devices and techniques for continuously monitoring
pressure and simultaneously monitoring changes in blood
flow, wvascular resistance, and/or wvascular behavior.
Employed for ICP measure, such devices simultaneously
measure cerebral blood tflow and/or cerebrovascular resis-
tance or behavior, thereby providing for precision cerebro-
vascular management of traumatic brain injuries (ITBI) or
similar conditions where the brain 1s at risk for damage.

In exemplary embodiments, an ICP monitoring device 1s
configured with minmature piezoelectric pressure and optical
blood volume sensors that provide synchronized, high-
bandwidth measurements of heartbeat-to-heartbeat local
pressure and blood volume fluctuations. The multi-sensor
combination of signals permits close tracking of relative
constriction or dilation of nearby arteries, which can be used
to track changes in blood tlow given knowledge of arterial
pressure.

In example implementations, the ICP monitoring device 1s
integrated with an assembly of a piezoelectric thick-film and
fiber optic enhancements and may be used 1n management of
traumatic brain mjury (1BI). In some examples, the ICP
monitoring device 1s 1mplemented as a ventriculostomy
catheter or intraparenchymal monitor. In some examples,
small diameter optical fibers are attached or embedded in a
catheter lining, to measure local blood volume from light
reflectivity measurements at one or more wavelengths. A
piezoelectric polymer film may be attached around the
circumierence of the catheter tip to record real-time, heart-
beat-to-heartbeat fluctuations in local pressure. The entire
ICP monitoring device may be encapsulated in a conformal
biocompatible polymer coating and communicatively
coupled to a controller, such as an electrical and optical
readout circuit.

In exemplary embodiments, the ICP monitoring device
may thus be implemented as multiple-sensor ICP monitoring
device 1s capable of measuring and tracking vascular resis-
tance and behavior while simultaneously monitoring pres-
sure and tissue oxygenation and metabolism. The controller
may be configured to estimate local arterial radius changes
from sensed arterial pressure information. The controller
may be further configured to track blood tlow and vascular
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reactivity. The addition of blood flow and vascular reactivity
data, with pressure data, allows for continuous tracking of
the conditions of the mspection region.

In some exemplary embodiments, the tracking of blood
flow and vascular reactivity 1s performed on a heartbeat-by-
heartbeat basis to allow for highly accurate measurement
and quick responsiveness at critical moments of treatments.

In exemplary embodiments, a system 1s provided for
monitoring pressure, such as intracranial pressure along with
blood value, where the system 1s able to determine propor-
tional fluctuations in arterial volume versus pressure during,
cach heartbeat and correlate to those proportional tluctua-
tions with vascular resistance/behavior.

In some embodiments, heartbeat-to-heartbeat waveforms
from piezoelectric sensors measuring pressure and optical
sensors measuring for blood volume are collected and
compared to develop a time dependent vascular resistance.
From the determination of vascular resistance and pressure,
blood flow can then be determined thereby indicating to
clinicians to continuous changes to an area under inspection.
These determinations can therefore show, in real time, the
cllects of attempts to alleviate pressure, such as ICP.

In some embodiments, the wavetorm profiles developed
herein are used to monitor changes 1 inferred blood flow
distributions upstream from a monitor location.

In some embodiments, optical sensors can be placed for
measuring brain tissue oxygenation and mitochondral func-
tion, which may then be combined with piezoelectric sensor
data and ICP sensor data, 1n accordance with the techniques
herein.

In yet other examples, optical sensors may be used to
measure tissue oxygenation and mitochondrial function
using near inirared and/or near ultraviolet wavelengths and
differential absorption spectroscopy or resonance Raman
spectroscopy. In this way, the measured tissue oxygenation
and mitochondrial function can be used to match brain
metabolism with vascular function for identifying correla-
tions between the two for diagnostic and treatment applica-
tions.

In yet further examples, additional sensors may be
embedded 1n probe and catheter devices herein, including
temperature sensors, actigraphy sensors, and impedance
SEeNsors.

In various examples, the present techniques herein pro-
vide numerous advantages over current diagnostic strategies
for TBI directed at avoiding secondary ischemic injuries.
The present techniques, for example, monitor cerebral blood
flow along with ICP, for use 1n TBI management. Sensing
and flow estimates now permit clinicians to determine
whether regional blood flow 1s increasing, stable, or decreas-
ing 1n response to mterventions or as the body’s response to
trauma progresses.

FIG. 1 illustrates a multi-sensor pressure monitoring,
system 100 1n accordance with an example of the present
techniques. In the illustrated example the system includes an
optical fiber sensor 102 and a piezoelectric sensor 104, both
of which may be part of an insertable device such as a probe
device 106. In some examples, the probe device 106 1s a
catheter device. In some examples, the probe device 106 1s
an intracranial pressure (ICP) probe device.

The optical sensor 102 may be an optical blood volume
sensor. For example, the sensor 102 may be comprised of
multiple optical fibers. At least one optical fiber delivers an
illumination beam to a region of interest, where that optical
output may be over any number of wavelength ranges, 1n
particular those frequency ranges for measuring blood vol-
ume or arterial volume, such as over the near infrared,
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infrared, etc. For tissue oxygenation measurements, the near
infrared ranges of 650-900 nm may be used for retlected
light, while 405 nm maybe used for Raman scattered light
detection. Particular useful wavelengths for reflected light
are from 660 nm-680 nm. At least one other optical fiber
collects reflected and/or scattered illumination from the

region of interest and provides that collected i1llumination to
a photodetector for collecting measurement data. The optical
sensor 102 operates at a single 1llumination wavelength or 1t
may operate over multiple i1llumination wavelengths, for
example, to capture different data. In some examples, a
probe may 1nclude a multimode fiber for collection multiple
wavelengths, for example.

In some examples, the optical sensor 102, which includes
the optical fibers, photodetector and photodetector controller
(e.g., optical readout circuit), 1s configured for measuring,
blood flow and blood volume over a period of time, such as
from heartbeat-to-heartbeat. In some examples, the optical
sensor 102 may be further configured to additionally detect
tissue and/or oxygenation levels. Indeed, 1n some such
examples, the optical sensor 102 1s configured to addition-
ally perform as a pulse-oximetry sensor for measuring blood
saturation levels and/or operating as a pulse plethysmogra-
phy (PPG) sensor. More generally, the optical sensor 102
may be mmplemented any number of suitable biophotonic
sensors, whether blood flow responsive, tissue responsive,
tissue oxygenation or otherwise.

In an example operation, the optical sensor 102 may
generate a continuous or pulsed 1llumination output beam
via a light-emitting diode (LED) optically coupled to an
illumination optical fiber for i1llumination a sample region
with a subject. A retlected 1llumination light 1s captured by
another optical fiber and transmitted to a photodetector that
converts this 1llumination energy into an electrical current,
which may be provided to a low noise electronic circuitry
that, 1n some examples, includes a transimpedance (current-
to-voltage) amplifier and filtering circuitry, forming part of
a readout circuit (or controller). That controller may further
include a high pass filter used to reduce the size of the
dominant direct current (DC) component and to enable the
pulsatile alternating current (AC) component to be ampli-
fied. The controller may turther include a low-pass filter may
be used to remove the unwanted higher frequency noise such
as electric interference (1.e. 60 Hz noise).

The piezoelectric sensor 104 1s configured to operate as a
pressure sensor. For example, the piezoelectric sensor 104
may measure pressure changes generating an electrical
signal and wavetform (amplitude, width, time differences 1n
peaks, delta responses to provocative movements such as
breathing, volume infusion, etc.) that measures raw signal
data that alters 1n response to blood pressure changes 1n a
subject. In some examples, this data may be examined to
determine circulating vascular volumes and vascular tone of
a sample region.

In examples herein, the piezoelectric sensor 104 may be
formed as a multilayer structure disposed around a circum-
terence of the probe 106, where, for example, the sensor
includes a first compliant polymer layer and a second
compliant polymer layer both surrounding an electrode layer
therebetween. The polymer layers may be pressure respon-
sive surfaces to measure raw data correlative to changes 1n
blood pressure or tissue pressure at a region of interest. The
clectrode layer may include one or more piezoelectric sensor
clectrodes. In some examples, those electrodes may be
spaced apart by sufliciently small distances to facilitate
highly sensitive raw data measurements under a {force
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applied to the sensing layer resulting in a measurable change
in a sensed voltage indicating pressure at the sample region.

In some examples, the piezoelectric sensor 104 1s trig-
gered manually, or in other examples a controller triggers the
sensor automatically, e.g., in response to changes in pressure
sensed by the probe 106 positioned within a subject. The
same applies to a multi-sensor pressure monitoring system
100 the optical fiber sensor 102. Sensors 102 and 104 may
be triggered, 1n some examples, by a user accessing software
on a controller device, for example, through a touchscreen or
other mput device. In some examples, the sensors 102 and
104 may continuously collect raw signal data continually
while positioned within a subject.

In the 1llustrated example, the sensors 102 and 104
provide piezoelectric pressure wavetorm and optical blood
volume wavelorms, respectively, to a vascular resistance
estimator 108. The wavelforms may be high-bandwidth
measurements of heartbeat-to-heartbeat local pressure and
blood volume fluctuation over a sample region within a
subject, such as a region within the brain of subject expe-
rience traumatic brain mjury (TBI). FIG. 2 illustrates an
example of the mput wavelorms 202 and 204, respectively.

The vascular resistance estimator 108 1s configured to
compare the two recerved signals and determine local arte-
rial autoregulation behaviors. In some examples, the esti-
mator 108 i1s configured to determine vascular resistance,
radius, and/or stiflness, etc. by analyzing data from sensors
102 and 104 using developed vascular properties models.
Example the systemic vascular resistance (SVR) models
include an elliptical model that compares sensor data from
both sensors 102 and 104 and determines an elliptical fit
over a sample time frame, a technique also termed a hys-
teresis technique of vascular resistance/stiflness determina-
tion. In other examples, fluid dynamics between the posi-
tions the two sensors 102 and 104 may be taken into
consideration, as well as additional dynamic states 1n what’s
termed a state-space model. The state-space model may
include the eflects of changing stifiness and/or radius 1n part
of the state model. In other examples, the systemic vascular
resistance (SVR) determination process may include auto-
mated radius tracking using an extended Kalman filter
(EKF). The extended Kalman filter 1s a technique for track-
ing states and/or parameters of dynamic systems. In an
example herein, sensor data from both the sensor 102 and
the sensor 104 1s provided to a state-space model that 1s used
with extended Kalman filter to reduce signal error more
quickly. Example implementations of these models for
determining vascular resistance using information from two
different sensors, specifically a piezoelectric sensor and an
optical sensor may be found at U.S. application Ser. No.
16/344,671, filed Apr. 24, 2019, entitled, Estimation Of
Peripheral Vascular Resistance Using A Miniature Piezo-
clectric Sensor, which 1s hereby incorporated herein, 1n 1ts
entirety.

While the estimator 108 1s described as a vascular resis-
tance estimator, 1n other examples, the estimator 108 may
determine any number of vascular properties, such as vas-
cular resistance, vascular stiflness, vascular radius, and/or
applied power. In yet some examples, the vascular resistance
estimator may estimate intervening tissue mechanical prop-
erties, optical absorbance, and viscoelasticity.

The multi-sensor pressure momitoring system 100 further
includes another sensor 110, which may be an ICP sensor
and may be formed as part of the probe device 106 along
with the optical fiber sensor 102 and the piezoelectric sensor
104. In an ICP configuration, the sensor 110 may be an
clectrical conductor-based sensor or a polyurethane mem-
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brane-based sensor, examples of which include single pres-
sure and multiple pressure catheters available from Millar
Inc. or Houston, Tex.

The pressure sensed by the sensor 110 1s output, along
with the vascular resistance estimation from the estimator

108, and other vital sign data and mean arterial pressure
(MAP) data 114 to a blood flow estimator 112. The MAP
data may be, providing the average pressure in a subjects
arteries during a heartbeat, may be determined from an
external sensor, such as an invasive sensor or the MAP data
may be calculated using the systolic blood pressure and
diastolic blood pressure collected through non-invasive
means. That 1s the, the MAP data may come from another
location, such as a catheter 1n an artery, while the ICP data
1s coming from the intracranial catheter location to reflect
pressure 1n the brain (either intraparenchymal or intraven-
tricular). The blood flow estimator 112 i1s configured to
determine local blood flow and trends in local blood tlow
from this data.

FIGS. 2-5 illustrate example implementations of the vas-
cular resistance estimator 108 and the blood flow estimate
112. FIG. 2 illustrates example wavelorms from the piezo-
clectric sensor 104 and the optical fiber sensor 102, respec-
tively, as the wavelorms would be provided to the vascular
resistance estimator 108. Each waveform is characterized by
periodic peaks 202A and 204A occurring each heartbeat,
where there 1s a varying phase delay between the peaks of
cach wavelorm.

The estimator 108 compares these waveforms heartbeat-
to-heartbeat and generates an estimated systemic vascular
resistance (SVR). For example, the sensor 102 senses a
change 1n volume 1n a sample region, such as changes 1n
arterial volume, which the sensor 102 detects by 1lluminat-
ing sample region and measuring the amount of light
reflected from that sample region. The voltage output of the
sensor 102 1s proportional to the change of the sample region
volume. However, due to the transimpedance amplification
and need for high-pass filtering to obtain the time-varying
component of the light signal, conventionally-speaking opti-
cal sensors may not provide long term tracking of mean
absolute arterial volume, but rather respond to short term
fluctuations in arterial volume during cardiac cycles. In
ellect, changes 1n volume can be convoluted with amplifier
and filter dynamics, which include a differentiation, then
integrated to return the relative volume fluctuations. As a
result, the estimator 108 may apply a model for determining
vascular resistance based on measurements from the sensor
102. For the model, we applied a model of photoplethys-
mograph (PPG) voltage output, u,,,, as:

Uppa— PPGI‘}ZPPG&{VI'JI :KPPGI}ZPPG*“P szPPGdI (1)

where K .~ 15 the gain of the sensor 102, h, . 1s the linear
dynamic filter response, and V, 1s volume of oxygenated
blood between the LED light source of the sensor 102 and
the photodetector. The volume, V., can alternatively be
related to the inner radius of the artery r, and length of artery
illuminated by the PPG, L ... The length of the artery under
the sensor 102 1s assumed constant. It 1s noted that while a
linear relationship between optical sensor output voltage and
vascular volume 1s applied 1n these examples, 1n other
examples, a non-linear and/or time-varying relationship
between optical sensor output voltage and length may be
applied. Further, ICP can be determined directly from the
volume fluctuations in the illuminated area, given that the
volume change will be larger for larger vessel radil and
lesser when smaller vessel radii.
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In the electrical domain, the piezoelectric sensor 104 (also
termed “PVDF sensor 104) can be modeled as a charge
source 1n parallel with the sensor’s capacitance. The esti-
mator 108 may include sensing circuitry that includes a high
impedance charge mode amplifier to convert electrical
charge to voltage. To compensate for low current from the
PVDF sensor 104, 1.e., current measured around 1-5 nA, that
sensing circuitry may further included a stage amplifier,
tollowed by a low pass filter stage that helps minimize
clectrical interference and high frequency noise. Charge, q,
generated on the PVDF sensor 104 1s given by:

q=d3 EAg) (2)

where d;, 1s the piezoelectric strain coetlicient from tangen-
tial strain to charge displacement 1n the electrode direction,
1s the elastic modulus of the PVDF of the sensor 104, A 1s
the surface area of the PVDF of the sensor 104, and ¢, 1s the
tangential strain in the PVDF layer of the sensor 104. In the
model of Expression (2), compressive piezoelectric response
(1.e., piezoelectric strain coellicient 1n the axial or electrode
direction, d;;) and coupling eflects are neglected as small
compared to the dominant response from hoop stress around
the ring formed by the sensor. In other examples, e.g., of
other piezoelectric materials, the charge may be generated to
a greater degree by other piezoelectric axes (1.e., d,, piezo
coellicient). The combined electrical model of the PVDF
sensor 104 and sensing circuitry of the estimator 108, with
resulting transfer function, H,;-(s):

s KompWipF 185 (3)
Hpypr(s) = z =

RCs+1 s+wipr  (s+6)(s+178)

where R 1s the mput resistance to the sensing circuit 2000
(e.g., 10 MOhm), C 1s the PVDEF sensor capacitance, K, ,
1s the net amplifying circuit gain, and w, . 1S a low pass
filtering frequency set by the second stage of the sensing
circuit. Even with a relatively large amplifier resistance used
to maintain a high input impedance for the small capacitance
and charge generation of the PVDF matenal, the RC time
constant of the sensor 104 1s small, and 1ts associated corner
frequency 1 Expression (3) 1s much higher than frequencies
of interest 1n the pressure wavelorm. Thus, the raw voltage
output of the sensing circuitry ol the estimator 108 1is
approximately proportional to the derivative of the charge
generated or pressure.

In some examples, the present techniques account for
variation in pressure experienced by the PVDF sensor 104,
for example, by integrating the convolution of the time-
varying charge with the amplifier dynamic response from
Expression (3), h, . to produce a the final PVDF sensor
output used for analysis, U,y,x:

Upvpr=Ihprpr(D*q(0)dt (4)

The integration 1s used because the small charge amplitude
and relative impedance of the sensor result 1n a high-pass
filter cut-off frequency much higher than the frequency of
cardiac cycles; integration returns this to an output approxi-
mately proportional to blood pressure, but mediated by
intervening tissue, as discussed below. In other examples, a
time-varying and/or nonlinear gain relationship may be used
instead, through the use of other circuit models or 1 through
the use of other piezoelectric materials. When we plotted
examples of these u,,. and u,; - determinations, we see
that non-invasive tracking of SVR based on differential
pressure versus differential volume trajectories shows close
agreement with gold standard measurements.
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With the systemic vascular resistance determined by the
estimator 108, that signal i1s provided to the blood tflow
estimator 112, along with local pressure data from the ICP
sensor 110 (and other ICP and MAP data 114), for calcu-
lating a blood flow, as shown in FIG. 3. Graph 400 shows a
sample calculation of blood flow using the system 100 as
shown 1n plot 402 compared against an external reference
blood flow determined plot 404.

FIG. 4 1llustrates an example pressuring sensing system
500 having a probe device 502 having multiple sensors for
pressure monitoring, and in particular, for some examples,
for intracranial pressure monitoring for cerebral hemody-
namic monitoring, 1n accordance with examples herein. For
example, 1n some 1mplementations the probe device 500
may be an insertable catheter device, such as an intraparen-
chymal and/or mtraventricular catheter used for ICP moni-
toring 1n subjects. Other examples include an epidural
pressure catheter.

The pressure sensing system 500 includes a controller 504
communicatively coupled to the probe device 502. The
controller 504 may include one or more displays, processors,
and memories storing instructions to execute processes
described herein. In the i1llustrated example, the controller
504 includes a pressure manager 506, which may be an ICP
manager, configured to execute pressure, volume, resistance,
and other computation operations described herem. For
example, the ICP manager 506 may be configured to per-
form the functions of the vascular resistance estimator and
blood volume estimate of FIG. 1. The controller 504 1s also
communicatively coupled to a care provider interface station
508, which has a display 510 and haptic input/keypad 512.
The controller 504 controls operation of the probe device
502 including controlling illumination of a sample region,
when the probe device 502 1s deployed at a sample region.
The probe device 502 further controls collection of pressure
data over the sample region. Toward that end, in some
examples, the controller 504 includes an 1llumination
source, such as an LED near infrared light source coupled to
the probe device 502, and a photodetector assembly to detect
illumination captured by the probe device 502. The control-
ler 504 may further include electrode connections for cou-
pling to electrodes of the probe device 502, thereby estab-
lishing an electrical connecting to one or more sensors of the
probe device 502.

In the illustrated example (see, e.g., FIG. 5), the probe
device 502 has a distal end 520 formed with a primary
sensor, 1n this example, an ICP sensor 522. The probe device
502 may be generally cylindrical in shape with a circular
cross-section, and the ICP sensor 322 may be disposed along
a central axis of the probe device 502. The ICP sensor 522
1s positioned at an outer cap surface 524 of the probe device
502. In some examples, the ICP sensor 522 may be flush
with that cap surface 524. In some examples, the ICP sensor
522 may extend distally from the cap surface 524. An
clectrode 526 1s coupled to receive electrical pressure sig-
nals from the ICP sensor 522 and commumnicate those to the
controller 504, ¢.g., to a readout circuit within the controller
504.

Extending upward from the ICP sensor 522 1s an optical
sensor 328 formed of two optical fibers 530 and 532, one for
providing an illumination output beam to the sample region
and the other for collecting a retlected (or in some examples
scattered) illumination beam from the sample region. As
shown, 1n FIGS. 6 A and 6B, the optical fibers 530 and 532
may be located on opposite sides of the ICP sensor 522 and
extend axially toward a proximal end of the probe device
502. Whereas the ICP sensor 522 1s positioned to examine
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pressure 1n the portion of the sample region at or extending,
outwardly from the end of the probe device 502, in the
illustrated configuration, the optical sensor 528 senses blood
volume over a portion of the sample region adjacent thereto
but extending upwardly from the end of the probe device
502. The sensing region of the optical sensor 528 may be
defined by having transparent or translucent windows
formed 1n a sheathing (not shown) of the probe device 502,
or in other examples, the sheathing may be transparent or
translucent at least over the desired sensing region.

The probe device 502 further includes a piezoelectric
sensor 534, which 1s positioned around an outer surface 536
of the probe device 502 (flush with a sheathing 11 a sheathing
1s used), and positioned to coincide with the sensing region
ol the optical sensor 528, such that both sensors 528 and 534
sense blood volume and pressure, respectively, over the
same region and different from the sensing region of the ICP
sensor 522. For example, the piezoelectric sensor 534 may
be adjacent the optical sensor 528, along a longitudinal
direction. The piezoelectric sensor 534 may be partially or
tully overlap the optical sensor 528, along the longitudinal
direction. The piezoelectric sensor 534 1s coupled to the
controller 504 through a second electrode 538.

In an example, the piezoelectric sensor 534 1s formed of
one or more thin layers of polyvinylidene difluoride (PVDEF)
and encapsulating polymers around a piezoelectric layer.
The piezoelectric sensor 534 may be deployed around an
insertable catheter and may be formed with a elastomeric
substrate onto which 1s formed a piezoelectric sensor region.
That elastomeric substrate may be biocompatible, have
similar elastic modulus to the PVDF film, and preferably
have thicknesses on the order of 10-100 microns. The
piezoelectric sensor region may extend a suflicient length of
the substrate to allow for sensing over circumierential range
of the insertable catheter. One or more electrodes may
extend from the piezoelectric sensor region for driving the
piezoelectric sensor and for generating sensed pressure
signals.

The piezoelectric sensor 534 may be further formed of
first and second encapsulating layers, sandwiching a piezo-
clectric layer and electrode layers that form the embedded
pressure sensor region. In some examples, the piezoelectric
sensor 334 may further include other embedded sensors,
such as temperature sensors, motion sensors, actigraphy
sensors, galvanic skin response sensors, impedance sensors,
or any combination thereof.

FI1G. 7 illustrates a schematic of an example multi-sensor,
intracranial pressure sensing catheter. FIG. 8 illustrates a
schematic arrangement of the multi-sensor, intracranial
pressure sensing catheter deployed 1n the cranium for mea-
surement.

FIG. 9 illustrates another example processing schematic
800 showing the generation of an inferred variation in blood
flow rate, as determined from 1nput pressure sensor voltage
wavelorms and input volume sensor voltage waveforms
from the multi-sensor, ICP catheter. In the illustrated
example, the pressure sensor wavetorm and voltage sensor
wavelorms pass through analog-to-digital converters (802A,
804A) and digital filters (802B, 804B), respectively. A
tissue/vasculature model 806 1s used, similar to the vascular
resistance estimator, to generate relative vascular resistance
estimate data that 1s provided to a tlow model 808 that also
receives, 1n this example, conventional ICP data and arterial
blood pressure (ABP) data, from which variations 1n blood
flow rate are determined implementing the techniques
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above. FI1G. 10 1llustrates the sample pressure response data
in tissue phantom from an example application of the
schematic 1 FIG. 10.

FIG. 11 1s an example block diagram 900 illustrating the
vartous components used i1n implementing an example
embodiment of a piezoelectric cardiovascular monitoring
system discussed herein. A signal-processing device 902 (or
“signal processor”) may be configured to examine a patient
920 via one or more wearable isertable multiple sensor
catheters 916 (or a “insertable probe devices”) in accordance
with executing the functions of the disclosed embodiments.
The signal-processing device 902 may have a controller 904
operatively connected to the database 914 via a link 922
connected to an input/output (I/0) circuit 912. It should be
noted that, while not shown, additional databases may be
linked to the controller 904 1n a known manner. The con-
troller 904 includes a program memory 906, one or more
processors 908 (may be called microcontrollers or a micro-
processors), a random-access memory (RAM) 910, and the
input/output (I/O) circuit 912, all of which are intercon-
nected via an address/data bus 920. It should be appreciated
that although only one processor 908 1s shown, the controller
904 may include multiple microprocessors 908. Similarly,
the memory of the controller 904 may include multiple
RAMs 910 and multiple program memories 906. Although
the I/O circuit 912 1s shown as a single block, 1t should be
appreciated that the I/0 circuit 912 may include a number of
different types of I/O circuits. The RAM(s) 910 and the
program memories 906 may be implemented as semicon-
ductor memories, magnetically readable memories, and/or
optically readable memories, for example. A link 924, which
may include one or more wired and/or wireless (Bluetooth,
WLAN, etc.) connections, may operatively connect the
controller 904 to the insertable catheter 916 through the I/0
circuit 912. The msertable catheter 916 may be operatively
connected to the patient 920 by being inserted into the
patient, for example 1nserted into the brain of the patient for
measuring for ICP.

The program memory 906 and/or the RAM 910 may store
various applications (1.e., machine readable instructions) for
execution by the processor 908. For example, an operating
system 930 may generally control the operation of the
signal-processing device 902 and provide a user interface to
the signal-processing device 902 to implement the processes
described herein. The program memory 906 and/or the RAM
910 may also store a variety of subroutines 932 for accessing
specific functions of the signal-processing device 902. By
way of example, and without limitation, the subroutines 932
may include, among other things: a subroutine for taking
optical and piezoelectric measurements with the insertable
catheter 916, a subroutine for filtering measurement (or data)
from the 1nsertable catheter 916, a subroutine for performing
signal decomposition on raw signal data from the insertable
catheter 916, and a subroutine for extracting one or more
features of a sensing region from the raw signal data from
the 1nsertable catheter 916.

The subroutines 932 may also include other subroutines,
for example, implementing software keyboard tunctionality,
interfacing with other hardware in the signal-processing
device 902, etc. The program memory 906 and/or the RAM
910 may further store data related to the configuration and/or
operation of the signal-processing device 902, and/or related
to the operation of the one or more subroutines 932. For
example, the data may be data gathered by the wearable
sensor 916, data determined and/or calculated by the pro-
cessor 908, etc. In addition to the controller 904, the
signal-processing device 902 may include other hardware
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resources. The signal-processing device 902 may also
include various types of input/output hardware such as a
visual display 926 and input device(s) 928 (e.g., keypad,
keyboard, etc.). In an embodiment, the display 926 1s
touch-sensitive, and may cooperate with a software key-
board routine as one of the software routines 932 to accept
user input. It may be advantageous for the signal-processing,
device 902 to communicate with a broader medical treat-
ment network (not shown) through any of a number of
known networking devices and techmiques (e.g., through a
commuter network such as an hospital or clinic intranet, the
Internet, etc.). For example, the testing apparatus may be
connected to a medical records database (or other network-
accessible external data storage connected through a wire-
less network 952), hospital management processing system,
health care professional terminals (e.g., doctor stations,
nurse stations), patient monitoring systems, automated drug
delivery systems such as smart pumps, smart infusion sys-
tems, automated drug delivery systems, etc. or any type of
network-accessible visualization system 9350. Accordingly,
the disclosed embodiments may be used as part of an
automated closed loop system or as part of a decision assist
system.

Although depicted as separate entities or components 1n
FIG. 1, 1t 1s understood that any or the entire signal pro-
cessing functionality and/or components of the signal-pro-
cessing device 902 may be combined with a probe assembly,
such as the probe sensing system 500 of FIG. 4.

As described herein, the insertable catheter 916 may
include both a main pressure sensor, as well as an additional
piezoelectric pressure sensor for measuring raw signal pres-
sure data and optical sensor for measuring derived blood
volume data. Examples of the insertable catheter 916 are
provided in reference to FIGS. 5-8.

Experiment

We tested the insertable catheter techniques herein, 1n an
example test of cramal blood flow in swine. A probe
assembly was inserted 1nto a bore hole 1n swine test subject,
which was sealed with bone grease and covered with dress-
ing to limit light leakage. The probe depth was adjusted to
maximize photoplethysmogram signal, after which the
swine was subjected to repeated norepinephrine infusions
and a period of controlled hemorrhage followed by fluid
resuscitation. Three full swine experiments were completed
measuring output from both a piezoelectric (PVD)F sensor
and from an optical (PPG) sensor within the same probe,
such as the configuration of probe 106. Data was collected
successiully over the entire experiment duration (about 4
hours) from both sensors, measuring on three swine.

We used reference instrumentation during swine experi-
ments, which included measurements of blood flow from a
laser Doppler flowmeter inserted several centimeters from
the modified sensor location, and from trans-cranial Doppler
measurements. Laser Doppler flow measurements were
unavailable from one swine due to failure of the reference
sensor. An unmodified catheter was used to recorder intrac-
ranial pressure (ICP), while mean arterial pressure was
recorded from an arterial line.

Probe data was analyzed, as follows. Sensor data was
analyzed with respect to both broad signal trends and
beat-to-beat waveform behavior collected from the PVDF
sensor. For blood flow estimation, a metric was {irst pro-
posed for quantifying the diflerences between baseline and
experimental behavior in order to predict Cerebral vascular
resistance (CVR), adapted from prior work on comparative
PVDF to PPG signal behavior in peripheral arteries col-
lected using the probe. For each available swine subject,
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during each cardiac cycle, the computing device (e.g., the
signal processor 902) generated an ellipse to {it a hysteresis
loop between the PPG and piezoelectric (PVDF) sensor
outputs. The long chord of the ellipse was used to approxi-
mately represent the amplitude of volume change relative to
pressure change, which has been previously demonstrated to
track changes 1n mean arterial diameter 1n peripheral arter-
1ies. The estimated CVR metric 1s obtained by linear regres-
sion of mvasive CVR measurement and relative amplitude
from first 100 cardiac cycle (baseline). The long chord of an
cllipse fit from the baseline 1s also used 1n the matric.

The metric for estimated CVR (CVR ) is based on relative
amplitude of the ellipse chords, and 1s formulated:

CVR =041 ~1,)+0.2

with L being the long chord of an ellipse fit, where subscript
¢ indicates experimental PPG output ratio to the current
PVDF output and subscript b indicates the baseline output.
A sample trajectory for inferred vascular resistance vs mean
arterial pressure (mm HG) for swine 1 1s shown 1n FIG. 12.
The x-axis shows time 1 number of samples at the data
logger (e.g., 200 samples per second).

The computing device calculated blood flow from Cere-

bral perfusion pressure (CPP) and Cerebral vascular resis-
tance (CVR), using:

CPP ABP-ICP
CVR  CVR

f:

where ABP 1s arterial blood pressure, with both ABP and
ICP measured invasively for this data.

In addition, PVDF wavetform profiles were extracted
between each heartbeat using electrocardiogram (ECG) data
to 1dentily beat timing. To obtain representative waveform
proflles at various points during the experiments, the com-
puting device averaged ten adjacent cardiac cycles and
extracted measurement of peak and valley amplitudes and
timing, for both raw and mtegrated PVDF voltage.

FIGS. 13A-13C show estimated cerebral blood tlow using
our probe compared to trans-cramal Doppler and laser
Doppler flowmeter (when available) measurements. Each of
FIGS. 13A-13C show diflerent test results for different
swine (with the x-axis showing time in number of samples
and the y-axis showing blood pressure units, BPUs, which 1s
a relative unit related to mL/min). Flow amplitude estimated
from our probe was 1n arbitrary units, so it 1s scaled to the
initial flow measured invasively in the plots. In general,
changes 1n the local tlow closely track changes measured by
reference sensors. In particular, there 1s close agreement
between our sensor and the trans-cranial Doppler measure-
ments 1n swine 2 (FIG. 13B) and 3 (FIG. 13C), and all three
measurement techniques track closely during hemorrhage.
Bland-Altman plots for flow estimation with our sensor
compared to trans-cranial Doppler are shown on the right
side of the FIGS. 13A-13B.

There are also regions where flow estimated by the three
methods disagree. For example, during the first half of
Swine 1 data collection, as three norepinephrine infusions
are applied, our probe first tracks the laser Doppler flowme-
ter, then tracks neither reference sensor, then reaches agree-
ment with both reference sensors over the three infusions. In
swine 2 and 3, during resuscitation, a significant increase in
flow 1s observed as baseline pressure 1s approached that i1s
not observed in full with our proposed sensor.
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We find that beat-to-beat pressure profile measured by the
proposed sensor roughly tracks that measured by the con-
ventional ICP monitor, with a delay of approximately 200
milliseconds, 1n this example. That increase in pressure
tollowing each heartbeat 1s more attenuated, 1n both signals,
than that commonly observed in the periphery. We had
hypothesized that the PVDF sensor would capture more
signal variation due to hemodynamic phenomena than a
conventional ICP sensor. This appears to be the case, espe-
cially visible 1n the raw PVDF sensor output, featuring
multiple reflection waves that evolve over time and condi-
tions. However, regardless they show an increased sensitiv-
ity our probe provides over conventional systems and the
ability to detect cerebral blood differences that conventional
techniques cannot. From this experiment, we find that a
intracranial catheter 1 accordance with the techniques
herein provides high-quality tracking of blood flow vanation
when compared to reference flow monitors.

Thus provided herein 1s a multi-sensor pressure monitor-
ing probe device and system that may be used for applica-
tions such as intracranial pressure momtor. In some
examples, the probe device i1s an insertable catheter with a
diameter on the order of 50-200 um, compared to a nominal
catheter diameter of 1.35 mm for common other applica-
tions. The probe device may contain small diameter optical
figures attached to or embedded in a catheter lining to
measure blood volume using light reflectivity measurements
at one or more wavelengths. The probe device may further
include a piezoelectric polymer film attached around the
circumierence of the catheter to record real-time, beat-to-
beat fluctuations 1n local pressure. An electrical and optical
readout circuit connects to wires connected to the piezo-
clectric film and the terminations of the fiber optic cables.
From these detected signals, vascular resistance and local
pressure may be estimated. Additional features may include
fiberoptic delivery of spectroscopic technologies, allowing
for the monitoring of oxygenation and metabolites. For
example, the probe designs herein may be further modified
to 1nclude optodes for fiberoptic delivery of spectroscopic
technologies, such as Raman spectroscopy and near iirared
spectroscopy that allow monitoring to brain tissue oxygen-
ation and metabolites as well as potentially deliver light at
vartous wavelengths for therapy to the injured brain. In
addition, electrical components could be embedded allowing
for intra-brain impedance monitoring of brain blood volume,
EEG monitoring and even delivering of electrical current
such as direct or alternating current as therapy.

The present techniques may be further implemented using
a multi-sensor catheter device with an optical sensors that
measure tissue oxygenation and mitochondrial function
using near inirared and/or near ultraviolet wavelengths and
differential absorption spectroscopy or resonance Raman
spectroscopy. By measuring reflected light or scattered
Raman light, changes 1n absorption amounts can be detected
and correlated to changes 1n oxygenation levels 1n the brain.
Such brain tissue oxygenation (PtO,) can be used to com-
plete techniques such as ICP. This optical data can be fed
into an estimate, along with pressure data from the catheter,
to 1dentity wavelorm matches between brain metabolism
and vascular function.

Throughout this specification, plural instances may imple-
ment components, operations, or structures described as a
single instance. Although individual operations of one or
more methods are illustrated and described as separate
operations, one or more of the individual operations may be
performed concurrently, and nothing requires that the opera-
tions be performed 1n the order illustrated. Structures and
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functionality presented as separate components in example
configurations may be implemented as a combined structure
or component. Similarly, structures and functionality pre-
sented as a single component may be implemented as
separate components. These and other variations, modifica-
tions, additions, and improvements fall within the scope of
the subject matter herein.

Additionally, certain embodiments are described herein as
including logic or a number of routines, subroutines, appli-
cations, or instructions. These may constitute either software
(e.g., code embodied on a machine-readable medium or 1n a
transmission signal) or hardware. In hardware, the routines,
etc., are tangible units capable of performing certain opera-
tions and may be configured or arranged 1n a certain manner.
In example embodiments, one or more computer systems
(e.g., a standalone, client or server computer system) or one
or more hardware modules of a computer system (e.g., a
processor or a group of processors) may be configured by
soltware (e.g., an application or application portion) as a
hardware module that operates to perform certain operations
as described herein.

In various embodiments, a hardware module may be
implemented mechanically or electronically. For example, a
hardware module may comprise dedicated circuitry or logic
that 1s permanently configured (e.g., as a special-purpose
processor, such as a field programmable gate array (FPGA)
or an application-specific integrated circuit (ASIC)) to per-
form certain operations. A hardware module may also com-
prise programmable logic or circuitry (e.g., as encompassed
within a general-purpose processor or other programmable
processor) that 1s temporarily configured by software to
perform certain operations. It will be appreciated that the
decision to implement a hardware module mechamically, 1n
dedicated and permanently configured circuitry, or 1n tem-
porarily configured circuitry (e.g., configured by solftware)
may be driven by cost and time considerations.

Accordingly, the term “hardware module” should be
understood to encompass a tangible entity, be that an entity
that 1s physically constructed, permanently configured (e.g.,
hardwired), or temporarily configured (e.g., programmed) to
operate 1n a certain manner or to perform certain operations
described herein. Considering embodiments in which hard-
ware modules are temporarily configured (e.g., pro-
grammed), each of the hardware modules need not be
configured or instantiated at any one instance in time. For
example, where the hardware modules comprise a general-
purpose processor configured using solftware, the general-
purpose processor may be configured as respective diflerent
hardware modules at different times. Soiftware may accord-
ingly configure a processor, for example, to constitute a
particular hardware module at one instance of time and to
constitute a different hardware module at a different instance
of time.

Hardware modules can provide information to, and
recetve information from, other hardware modules. Accord-
ingly, the described hardware modules may be regarded as
being communicatively coupled. Where multiple of such
hardware modules exist contemporaneously, communica-
tions may be achieved through signal transmission (e.g.,
over appropriate circuits and buses) that connects the hard-
ware modules. In embodiments 1n which multiple hardware
modules are configured or instantiated at diflerent times,
communications between such hardware modules may be
achieved, for example, through the storage and retrieval of
information in memory structures to which the multiple
hardware modules have access. For example, one hardware
module may perform an operation and store the output of
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that operation in a memory device to which 1t 1s communi-
catively coupled. A further hardware module may then, at a
later time, access the memory device to retrieve and process
the stored output. Hardware modules may also initiate
communications with imput or output devices, and can
operate on a resource (e.g., a collection of information).

The various operations of the example methods described
herein may be performed, at least partially, by one or more
processors that are temporarily configured (e.g., by soft-
ware) or permanently configured to perform the relevant
operations. Whether temporarily or permanently configured,
such processors may constitute processor-implemented
modules that operate to perform one or more operations or
functions. The modules referred to herein may, in some
example embodiments, comprise processor-implemented
modules.

Similarly, the methods or routines described herein may
be at least partially processor-implemented. For example, at
least some of the operations of a method may be performed
by one or more processors or processor-implemented hard-
ware modules. The performance of certain of the operations
may be distributed among the one or more processors, not
only residing within a single machine, but also deployed
across a number of machines. In some example embodi-
ments, the processor or processors may be located 1n a single
location (e.g., within a home environment, an oflice envi-
ronment or as a server farm), while 1n other embodiments
the processors may be distributed across a number of
locations.

The performance of certain of the operations may be
distributed among the one or more processors, not only
residing within a single machine, but also deployed across a
number of machines. In some example embodiments, the
one or more processors or processor-implemented modules
may be located 1n a single geographic location (e.g., within
a home environment, an oflice environment, or a server
farm). In other example embodiments, the one or more
processors or processor-implemented modules may be dis-
tributed across a number of geographic locations.

Unless specifically stated otherwise, discussions herein
using words such as “processing,” “computing,” “calculat-
ing,” “determining,” “presenting,” “displaying,” or the like
may refer to actions or processes of a machine (e.g., a
computer) that manipulates or transforms data represented
as physical (e.g., electronic, magnetic, or optical) quantities
within one or more memories (e.g., volatile memory, non-
volatile memory, or a combination thereof), registers, or
other machine components that receive, store, transmit, or
display information.

As used herein any reference to “one embodiment™ or “an
embodiment” means that a particular element, feature, struc-
ture, or characteristic described in connection with the
embodiment 1s included in at least one embodiment. The
appearances of the phrase “in one embodiment™ 1n various
places 1n the specification are not necessarily all referring to
the same embodiment.

Some embodiments may be described using the expres-
s10n “coupled” and “connected” along with their derivatives.
For example, some embodiments may be described using
the term “coupled” to indicate that two or more elements are
in direct physical or electrical contact. The term “coupled,”
however, may also mean that two or more elements are not
in direct contact with each other, but yet still co-operate or
interact with each other. The embodiments are not limited 1n
this context.

As used herein, the terms “comprises,” “comprising,”
“includes,” “including,” “has,” “having” or any other varia-
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tion thereof, are intended to cover a non-exclusive inclusion.
For example, a process, method, article, or apparatus that
comprises a list of elements 1s not necessarily limited to only
those elements but may include other elements not expressly
listed or mnherent to such process, method, article, or appa-
ratus. Further, unless expressly stated to the contrary, “or”
refers to an inclusive or and not to an exclusive or. For
example, a condition A or B 1s satisfied by any one of the
following: A 1s true (or present) and B 1s false (or not
present), A 1s false (or not present) and B 1s true (or present),
and both A and B are true (or present).

In addition, use of the “a” or “an” are employed to
describe clements and components of the embodiments
herein. This 1s done merely for convenience and to give a
general sense of the description. This description, and the
claims that follow, should be read to include one or at least
one and the singular also includes the plural unless 1t 1s
obvious that 1t 1s meant otherwise.

This detailed description 1s to be construed as an example
only and does not describe every possible embodiment, as
describing every possible embodiment would be impracti-
cal, 1 not mmpossible. One could implement numerous
alternate embodiments, using either current technology or
technology developed atter the filing date of this application.

What 1s claimed:

1. A pressure sensing system comprising:

an 1nsertable catheter having a distal end and a proximal

end;

a pressure sensor at the distal end of the insertable
catheter and configured to measure {irst pressure data
of a sample region within a subject;

an optical sensor positioned proximally from the pres-
sure sensor and configured to illuminate an optical
sample region and to collect retlected 1llumination
from the optical sample region, the retlected 1llumi-
nation corresponding to blood volume 1n the optical
sample region;

a piezoelectric pressure sensor positioned adjacent the
optical sensor and covering a periphery of the msert-
able catheter, the piezoelectric pressure sensor con-
figured to measure pressure data for the optical
sample region; and

a processing device configured to

receive the reflected 1llumination from the optical sen-
SOr,

receive the pressure data from the piezoelectric pres-
sure sensor, and

analyze the pressure data from the piezoelectric pres-
sure sensor and the reflected illumination, heartbeat-
by-heartbeat, and determine (1) vascular resistance
over the optical sample region, (11) a blood flow over
the optical sample region, and (111) pressure over the
optical sample region.

2. The pressure sensing system of claim 1, wherein the
optical sensor comprises an illumination optical fiber and a
collection optical fiber.

3. The pressure sensing system of claim 2, wherein the
illumination optical fiber and the collection optical fiber are
cach positioned within respective opposing grooves of the
insertable catheter.

4. The pressure sensing system of claim 1, wherein the
piezoelectric pressure sensor comprises at least one piezo-
clectric layer and at least one encapsulating layer covering
the piezoelectric layer.

5. The pressure sensing system of claim 4, wherein the
piezoelectric pressure sensor comprises at least one other
encapsulating layer covering the piezoelectric layer.
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6. The pressure sensing system of claim 5, wherein the
piezoelectric pressure sensor 1s positioned to cover the entire
periphery of the insertable catheter coinciding with the
optical sample region.

7. The pressure sensing system of claim 1, wherein the
insertable catheter has an outer most diameter of less than 2
mm.

8. The pressure sensing system of claim 7, wherein the
outer most diameter 1s less than or equal to 1.5 mm.

9. The pressure sensing system of claim 7, wherein the
outer most diameter 1s from 0.8 mm to 1.0 mm.

10. The pressure sensing system of claim 1, wherein the
pressure sensor at the distal end of the insertable catheter 1s
an intracranial pressure sensor and the insertable catheter 1s
an intracranial pressuring sensor catheter.

11. The pressure sensing system of claim 1, further
comprising a photodetector assembly communicatively
coupled to the processing device.

12. The pressure sensing system of claim 1, wherein the
processing device comprises a readout circuit.

13. The pressure sensing system of claim 1, wherein the
processing device 1s configured to determine vascular resis-
tance of the region over the optical sample region from the
pressure data from the piezoelectric pressure sensor and the
reflected 1llumination.

14. The pressure sensing system of claim 13, wherein the
processing device 1s configured to determine the blood flow
over the optical sample region from the vascular resistance
and the first pressure data from the pressure sensor at the
distal end of the insertable catheter.

15. The pressure sensing system of claim 14, wherein the
processing device 1s configured to determine the blood flow
over the optical sample region from the vascular resistance,
the first pressure data from the pressure sensor at the distal
end of the msertable catheter, and a mean arterial pressure
data.

16. The pressure sensing system of claim 14, wherein the
processing device 1s further configured to analyze the blood
flow over a sampling time period and to determine changes
in pressure over the sampling time period, wherein the
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changes 1n pressure of the sampling time period indicate
autoregulation 1n the sample region.

17. The pressure sensing system of claim 1, wherein the
insertable catheter further comprises a temperature sensor,
an actigraphy sensor, or an impedance sensor.

18. A pressure sensing system comprising:

an 1nsertable catheter having a distal end and a proximal

end;

a pressure sensor at the distal end of the insertable
catheter and configured to measure first pressure data
of a sample region within a subject;

an optical sensor positioned proximally from the pres-
sure sensor and configured to illuminate an optical
sample region and to collect reflected 1llumination
from the optical sample region and to determine a
differential absorption spectroscopy or to collect
scattered 1llumination from the optical sample region
and determine a resonance Raman spectroscopy, the
reflected 1llumination or scattered illumination cor-
responding to tissue oxygenation and/or mitochon-
drial function 1n the optical sample region;

a piezoelectric pressure sensor positioned adjacent the
optical sensor and covering a periphery of the msert-
able catheter, the piezoelectric pressure sensor con-
figured to measure pressure data for the optical
sample region; and

a processing device configured to

receive the reflected illumination data or scattered
illumination data from the optical sensor,

receive the pressure data from the piezoelectric pres-
sure sensor, and

analyze the pressure data from the piezoelectric pres-
sure sensor and the reflected illumination data or
scattered illumination data, heartbeat-by-heartbeat,
and determine (1) tissue oxygenation and mitochon-
drial function over the optical sample region, (11) a
blood flow over the optical sample region, and/or
(111) pressure over the optical sample region.
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